In this study, a post-heat treatment design for additively manufactured copper-bearing highstrength low-alloy (HSLA)-100 steel is performed by understanding the process-structureproperty relationships. Hot isostatic pressing (HIP) is designed to reduce the porosity from 3% to less than 1% for the HSLA-100 steel processed by laser powder bed fusion (LPBF).
Introduction
Additive manufacturing (AM) is a process that is capable of fabricating structural parts layer by layer using 3D (three dimensional) numerical models 1 . In recent years, AM has received great attention due to its ability to produce complex-shaped objects with high efficiency and less environmental impact. One of the commonly used AM techniques is the laser powder bed fusion (LPBF) process which involves melting successive layers of powder locally using a high-intensity beam 2 . Materials processed using SLM form fine-grained microstructures as a result of the interaction between the high energy laser beam and the metallic powders leading to high heating and cooling rates as well as rapid solidification 3 . It has been reported that AM builds can generally exhibit higher strength in comparison with their corresponding wrought alloys, due to the strengthening achieved by the fine microstructure 4 .
Copper containing high-strength low-alloy (HSLA) steels with low carbon content are widely used in naval applications such as submarines and offshore structures, line pipes and hull of ships 5 . It is also of great interest for other structural applications such as automobiles, mining instruments, and railways 6 . These applications require a combination of high strength and toughness as well as superior weldability. Due to the low carbon content, high weldability can often be achieved, and presence of copper imparts precipitation strengthening in these steels 7 .
So far, there are no reports available for AM of copper-bearing HSLA steels. In this work, an attempt is made to perform LPBF of HSLA with the post-heat treatment design. Extensive microstructure characterization has been performed to correlate the phase evolution with the mechanical properties in order to understand the structure-property relationship in AM HSLA steels.
It should be noted that since this is the first attempt of producing HSLA-100 steel using the LPBF method, optimization of printing parameters is equally important as the post-heat treatment design. At the moment, we only report the efforts for the post-heat treatment design on the as-built alloys made by EOS M 290 Machine (EOS company, Germany) using the default printing parameters for stainless steel 316L. Further optimization of the printing parameters for HSLA-100 steels will be introduced in another work.
Systems Design Chart of AM HSLA steels
A systems design chart demonstrates how hierarchical structural features contribute to the properties along with the evolution of the structure during different processing conditions [8] [9] [10] . Fig. 1 shows the systems design chart of HSLA-100 steel processed using AM with the identified process-structure-property linkages. Each line linking the process, structure, and property indicates the major correlation between these attributes. From Fig. 1 , it is clear that in order to achieve optimum mechanical properties and corrosion resistance in HSLA-100 steel, the process and the corresponding structure needs to be designed appropriately. High yield strength and excellent resistance to stress corrosion cracking can be achieved in AM HSLA-100 by designing a suitable post-heat treatment process. Defects such as porosity and inclusions need to be reduced as much as possible during this process. Porosity is found to have a profound effect on the mechanical properties such as tensile strength and elongation 11 . Efforts to eliminate porosity is considered as one of the important steps for quality control in AM builds.
In general, porosity in AM builds can be induced either due to the powder feedstock or the AM process 12 . Pores formed due to the entrapped gas are spherical and may form inside the powder during the atomization process. Certain gas pores may remain in the as-built alloys since there are no external forces to release the gas bubbles out of the melt pools 13 . It has been reported that pores within the AM build affect the corrosion resistance considerably 14 . These pores are considered as pits that can grow easily leading to pitting and the corrosion rate within the pores can build up severe electrolytic conditions leading to a stable pit growth. In addition to this, the presence of either residual or applied stresses can lead to stress corrosion cracking in the asbuilt AM components 15 .
A feasible solution to mitigate porosity in the as-built AM components is to perform hot isostatic pressing (HIP). The HIP is a well-established method for mitigating internal porosity as it involves the simultaneous application of high temperature and pressure in an inert gas atmosphere. Due to the faster diffusion and lower stress at high temperatures, the applied pressure leads to a collapse of the pores through plastic flow and material transport 16 . It has been confirmed that gas pores, lack-of-fusion as well as large-scale internal porosity can be removed using HIP in AM components 17 . There are several reports where HIP has been suggested as an important step during post-heat treatment to increase the density of as-built AM parts [17] [18] [19] [20] . However, the major shortcoming in the HIP process is the grain coarsening due to the slower cooling rates. Hence, grain refinement after HIP with the help of post-heat treatment process is inevitable for AM components.
Generally, it is not appropriate to apply any complicated deformation technique on AM builds to refine the prior austenite grains (PAG) to achieve fine martensite. Techniques such as ausforming have been applied previously to refine the PAG 21 , which will lead to change in the shape of the component. Hence, a post-heat treatment that can initiate grain refinement without significantly altering the shape needs to be employed. A feasible method is to perform cyclic re-austenitization 22, 23 , which involves cycles of short time austenitization above the Ac3 temperature followed by quenching to form the martensite. With the application of the shortterm heat treatment cycles for several times, the martensite gets refined due to the accumulation of dislocations during the austenite to martensite transformation and vice versa 24 . Hence, cyclic re-austenitization is a distortion-free and cost-effective post-heat treatment process to achieve grain refinement after HIP of AM builds.
The resultant microstructure after the post-heat treatment comprising of HIP and cyclic reaustenitization should consist of a fine-grained bainite/martensite matrix as a result of the fine PAG along with the retained austenite. The presence of Zener grain boundary pinning particles will refine the PAG size effectively during the cyclic re-austenitization. Further increase in strength can be achieved by applying tempering heat treatment after cyclic re-austenitization that will impart precipitation strengthening in additively manufactured HSLA-100 steels.
Tempering facilitates the precipitation of a high fraction of fine and coherent BCC Cu as well as M2C precipitates at the optimum time. As a result of the above-mentioned heat treatment processes applied and microstructures developed, desirable properties such as yield strength nearly 100 ksi, elongation greater than or equal to 16% and superior resistance to stress corrosion cracking are the design targets. Additionally, superior weldability originates due to the presence of low amount of carbon and other alloying elements, making HSLA-100 steel a suitable candidate material for AM processes.
Materials and Methods
The HSLA-100 steel powder composition used for LPBF was designed by a high-throughput CALPHAD-based ICME (Integrated Computational Materials Engineering) modeling technique, which will be described elsewhere 25 The printed tensile bars were subjected to HIP in American Isostatic Presses (AIP) Inc. There were two different cooling rates that could be achieved after the HIP cycle. The first one was controlled cooling, where the sample was cooled with a constant cooling rate of 10 K/min and the other one was drop cooling, where the furnace was switched off after the HIP cycle. In order to identify the optimum cooling rate that will lead to the formation of a higher amount of martensite after HIP, quenching dilatometry was employed. Cuboids of dimensions 5 x 5 x 10 mm were cut from the printed HSLA steel cubes using electric discharge machining (EDM, Mitsubishi MV2400S, Japan). The dilation as a function of temperature was measured using TA DIL805 D dilatometer (TA instruments, Inc, USA) where the sample was held between two quartz rods connected to the linear voltage differential transducer to measure the dilation.
An S-type thermocouple was spot welded in the middle of the sample surface for temperature determination. The samples were heated using an induction coil and cooled using Helium gas.
A vacuum below 10 -4 bar was maintained during the heating and holding. The temperaturetime cycle used for simulating the two different cooling rates during the HIP process is shown in Fig. 2(a) .
Thermodynamic calculations were carried out using Thermo-Calc software 26 with TCFE9 database for the HSLA steel powder. From the predicted phase fraction as a function of temperature, it was evident that the Ac3 temperature for this composition is 754 o C. Hence, the HIP temperature was chosen as 950 o C, which is nearly 200 o C above the calculated Ac3 temperature to ensure complete austenitization.
The printed tensile bars were subjected to HIP in American Isostatic Presses (AIP) Inc. at 950 o C with a pressure of 30 ksi and a holding time of 60 mins. Subsequently, the HIP HSLA samples were subjected to cyclic re-austenitization for achieving microstructure refinement. It is expected that the density of dislocation will increases for each cooling cycle from austenite to martensite, and this will significantly increase the nucleation potency of martensite for the refined microstructure. A single re-austenitization cycle means the isothermal holding of the HIP HSLA sample at 950 o C for 1 min followed by water quenching. Two cycles of reaustenitization were performed based on our results for the optimum number of cycles required for achieving maximum grain refinement in additive manufactured HSLA 27 . The temperaturetime cycle for the HIP with cyclic re-austenitization is shown in Fig. 2(b) . The density of the as-built and HIP HSLA samples were measured using the Archimedes method. The HIP HSLA steels with and without cyclic re-austenitization were subjected to tempering heat treatment at 550 o C for three different time periods (3, 5 and 7 hours) followed by water quenching. At this temperature was chosen to achieve precipitation hardening.
Hardness measurements were carried out in the as-polished X-Z plane (Z denote the building direction) using the Vickers microhardness tester (LM800, LECO Corporation, USA) at a load of 100 g and a dwell time of 10 sec. The reported values are an average of ten readings. Tensile tests were carried out at room temperature using MTS 880 universal testing machine with 100 kN capacity. A 25 mm gauge length extensometer was used for measuring the displacement and the tests were conducted with a strain rate of 0.03 mm/min. All the HSLA samples were ground from 400 to 1200 grit SiC emery paper and cloth polished with diamond and alumina suspensions containing 1 and 0.01 μm particles, respectively. The etching was done with 2% Nital (2 ml HNO3 + 98 ml ethanol) by having a sample surface immersed for 10-30 seconds.
In this study, all the microstructure characterization was performed in the building direction of the sample. In a melt pool, the highest thermal gradient lies along the direction perpendicular to the melt-pool boundary 28 , which corresponds to the X-Z plane of the build. Therefore, the microstructure and properties in the building direction will be significantly affected due to this gradient, in comparison with the other planes of the build. The microstructure of the etched samples was viewed with Zeiss Axio Lab A1 optical microscope and Zeiss Sigma 500 VP SEM (scanning electron microscopy) with a field emission gun (FEG) source. Further detailed phase analysis was performed with EBSD (electron backscattered diffraction) using FEI Scios Dual-Beam FIB-SEM, with a step size of 0.08 μm and tilt angle of 70 o . The EBSD data was analyzed using TSL-OIM software Version 8. The prior austenite grains (PAG) were reconstructed from the EBSD data using the ARPGE software package 29, 30 . An algorithm based on the orientation relationship between the austenite and martensite/bainite is used to determine the variants directly inherited by a single prior austenite grain. The orientation relationship (OR) proposed by Greninger and Troiano 31 was used since the highest percentage of reconstruction was obtained using this OR in comparison with the Kurdjomov-Sachs 32 and Nishiyama-Wassermann 33, 34 OR. The size of the reconstructed PAG was measured using the linear intercept method 35 .
Results and Discussion

HSLA-100 steel samples prepared by LPBF
The relative density of the as-built HSLA samples in this work was determined to be nearly 97% using the Archimedes principle. The higher amount of porosity in the as-built HSLA samples can be attributed to the parameters used, i.e., applying the EOS factory developed printing parameters for stainless steel 316L to build HSLA samples. The optical and SEM micrographs along the building direction of the as-built HSLA sample are shown in Fig.3 . It is evident that the as-built HSLA sample has a fine microstructure which is typical of an AM alloy. The optical micrograph shows the presence of dark and light phases. Similarly, the SEM micrograph exhibits two different phase morphologies, one with laths and the other without visible laths. The former was designated as martensite and the latter as bainite from the varying contrast and morphology from the optical metallography and SEM. Though martensite has a body-centered tetragonal (BCT) structure, it will be considered as BCC in the analysis since the BCT structure is not available in the EBSD structure database.
The IQ curve for the BCC phase ( Fig. 4 (e) ) is found to be a slightly asymmetric single large peak consisting of overlapping peaks. This is mainly because of the small difference in the dislocation densities of bainite and martensite 38 . Hence, the IQ of these phases are fairly close to each other and cannot be distinguished as two different peaks from the IQ curve. According to Wu et al. 39 , an asymmetric IQ curve confirms the presence of two different microconstituents and it can be fitted with 2 peaks (high IQ and low IQ peaks) in order to calculate the amount of each phase. Accordingly, two peaks were fitted to the IQ curve for BCC, where, the high IQ peak corresponds to the bainite and the low IQ peak corresponds to the martensite. The area under high and low IQ peaks was used to quantify the amount of bainite and martensite, respectively. The phase map (white: FCC and blue: BCC) shows the distribution of the retained austenite in the as-built HSLA sample. It is evident that that besides the M/A constituents, the retained austenite is predominantly dispersed along the grain boundaries. This indicates that retained austenite can act as effective grain boundary pinning particles to hinder grain growth.
The amount of bainite and martensite calculated from the IQ curve as well as the amount of retained austenite obtained from the phase map are 8.4%, 84.5%, and 7.1%, respectively. From the reconstructed PAG map, the PAG size was measured to be 7.5 μm, which implies that fine prior austenite grains have been achieved due to the repeated heating of the melt pools during the layer by layer deposition in the LPBF process.
HIP HSLA steels with and without cyclic re-austenitization
Cooling rate simulation and porosity characterization
The dilatometry curves obtained after the simulation of controlled and drop cooling using quenching dilatometry are shown in Fig. 5 consists of a mixture of bainite and martensite. It was also evident that the microstructure after controlled cooling was coarser than that obtained after drop cooling. The amount of martensite transformed after controlled and drop cooling was calculated to be nearly 82 vol.% and 88 vol.%, respectively, using image analysis. Based on these results, drop cooling is more suitable for performing HIP of as-built HSLA steel as it will maximize the formation of martensite during HIP.
The porosity in the HIP HSLA sample has been reduced to ~0.7% using the Archimedes principle by comparing it with the as-built samples. The optical and SEM micrographs of the as-polished X-Z plane of the as-built and HIP HSLA samples are shown in Fig. 6 . The aspolished surface of the as-built HSLA sample shows the presence of pores of varying sizes and shapes when observed under optical microscope ( Fig. 6 (a) ). From Fig. 6(c) , it is evident that there are spherical (marked with red circles) as well as irregular pores (marked with blue circles) in the as-built samples. The spherical pores correspond to the gas pores, which generally form due to the entrapment of the shielding gas, porosity in the powder particles or vaporization of certain alloying elements within the melt pool 41 . On the other hand, the irregular pores form mainly due to the lack of fusion of the powder particles, which means the energy density is too low either due to lower laser power or higher scanning speed. Therefore, insufficient fusion can result in irregular pores with sharper edges and flattened shape, and sometimes containing entrapped unmelted particles 42 . Since both types of pores are present, the major contributing factors to high porosity in the as-built samples are entrapment of protective gas and insufficient energy density leading to a lack of fusion of the powder particles.
The as-polished surface of the HIP HSLA appeared to be dense without any visible pores using optical microscopy ( Fig. 6 (b) ). However, when viewed under SEM at high magnification, tiny spherical pores of size less than 1 μm were visible. It has been reported that due to the low solubility of argon (Ar) in steels, small bubbles with high internal pressure formed because of the entrapment of the protective gas persist after HIP. Nevertheless, their size will be small (< 5 μm), which may not be a major contributing factor for the crack initiation leading to failure 17 .
Hence, it has been proven that HIP has led to considerable improvement in the density of the as-built HSLA steels.
Microstructure and mechanical properties
The metallographic and SEM images of the HIP HSLA steels along the building direction before and after cyclic re-austenitization are shown in Fig. 7 . The microstructure comprises of bainite and martensite, similar to the as-built HSLA samples as shown in Fig. 3 . However, it can be observed that there is considerable coarsening of the microstructural features after HIP due to the slower cooling rate and hence, there is a considerable drop in the microhardness (311 HV). Further, through a comparison between Figs. 7(b) and 7(d), it is also clearly evident that cyclic re-austenitization has led to the observable grain refinement after HIP. Fig. 8 shows the IPF, IQ, phase and reconstructed PAG maps for the HIP HSLA samples before (Figs. 8(a)-8(d)) and after ( Figs. 8(e)-8(h) ) cyclic re-austenitization. It is obvious that the orientation of the grains is random without the presence of texture from the IPF maps. M/A islands were present along with the bainite and martensite with the clustering of high angle grain boundaries as seen in the IQ maps ( Figs. 8(b) and 8(f) ). The IQ curve for BCC was highly asymmetric before re-austenitization, however, it was observed to be slightly asymmetric after reaustenitization of the HIP HSLA steels. Similar to the as-built sample, the IQ curves were fitted with high and low IQ peaks to determine the amount of bainite and martensite formed in both the alloys.
The phase maps shown in Fig. 8 indicate that the retained austenite is sparsely distributed prior to the cyclic re-austenitization, whereas, it is densely dispersed after the re-austenitization for the HIP samples. Analogous to the as-built sample shown in Fig. 4 , the retained austenite is mostly dispersed at the grain boundaries, apart from the M/A islands in both the alloys. The amount of bainite, martensite and retained austenite obtained from the IQ curves and phase maps are 33, 64.9, and 2.1% before re-austenitization and 10.8, 84.7, and 4.5% after reaustenitization, respectively, for the HIP HSLA samples. The PAG size measured from the reconstructed PAG maps (Figs. 8 (d) and 8(h)) were found to be 22.5 and 8.6 μm for HIP HSLA steel before and after cyclic re-austenitization, respectively. It is evident from these measurements that the coarsening of prior austenite grains due to the slower cooling rate during HIP has led to the coarsening of the bainite and martensite. With the cyclic re-austenitization heat treatment, there is a drastic reduction in the prior austenite grain size by around 57% in comparison with HIP HSLA steel. It has been determined experimentally that the decrease in PAG size leads to reduction in the amount of bainite formed in a given time as the bainite transformation kinetics gets altered 43 . Hence, the reduction in the prior austenite grain size has led to a decrease in the amount of bainite transformed during the cyclic re-austenitization process along with the intended refinement of bainite and martensite.
The microhardness of the as-built and HIP HSLA samples before and after cyclic reaustenitization samples is shown in Fig. 9(a) . It is evident that the hardness of the HIP HSLA sample has drastically reduced by almost 20% in comparison with the as-built HSLA steel, which can be correlated with the grain coarsening and increased amount of bainite transformed as observed from the microstructure characterization. On the other hand, the microhardness of the HIP HSLA sample after cyclic re-austenitization is found to be on par with the microhardness of the as-built HSLA steel since the microstructural features were refined. This proves that a post-heat treatment involving two cycles of re-austenitization after HIP is necessary to improve the properties of the additive manufactured HSLA-100 steels after HIP. Fig. 9(b) presents the microhardness as a function of time for the HIP samples with and without cyclic re-austenitization after tempering at 550 o C. It is evident that the optimum tempering time with peak hardness is 5 hours in both cases. The peak hardness is likely to be achieved because of the precipitation of strengthening particles such as Cu and M2C with optimum size, shape, and coherency within the matrix at the tempering temperature, which eventually leads to precipitation strengthening. The stress-strain curves and the tensile properties of the as-built and tempered HIP samples with and without cyclic re-austenitization are shown in Figs. 9(c) and 9(d), respectively. A 50% increase in the yield strength of the HIP sample after cyclic reaustenitization is observed in comparison with the as-built sample and their ultimate tensile strengths (UTS) was found to be almost similar. The yield strength (96 ksi) of the tempered HIP HSLA steel with cyclic re-austenitization is close to the design target of 100 ksi. It has been reported defects such as inclusions, pores, oxidation and segregation that are normal to the loading direction act as stress raisers and lower the yield strength 44, 45 . Although the HIP HSLA sample showed lower yield and ultimate tensile strength, the elongation was the highest (21%). The elongations for the as-built and HIP samples with cyclic re-austenitization steels were found to be 18 % and 16 %, respectively. Thus, with the application of tempering heat treatment to HIP HSLA steel with cyclic re-austenitization, the mechanical properties such as yield strength and elongation are on par with the design target specified in the systems design chart for HSLA-100 steel (Figure 1 ). Figure 10 shows the optical and SEM micrographs, as well as the IPF and IQ maps obtained from EBSD for the tempered HIP HSLA steels with and without cyclic re-austenitization. The microstructure of both the alloys consists of tempered martensite and bainite, which can be differentiated by their phase contrast and morphology from the optical and SEM micrographs as shown in Figs. 10. According to the IPF maps in Fig. 10 , it is evident that there is no preferred orientation. The clustering of high angle grain boundaries that signifies the presence of M/A islands can be observed from the IQ plots as shown in Figures 10 (d) and 10(h) . The amount of bainite, martensite and retained austenite calculated from the EBSD measurements are 31%, 66.3% and 2.5% for tempered HIP HSLA steel and 10.2% 85% and 4.8% for tempered HIP HSLA steel with cyclic re-austenitization, respectively. The high amount of bainite and the coarse microstructure has led to the high ductility and low strength in the tempered HIP HSLA sample. Conversely, a refined microstructure along with possible strengthening due to precipitation during tempering has led to the drastic improvement in the strength of the HIP HSLA sample with cyclic re-austenitization. This necessitates the need for a distortion-free post-heat treatment after HIP to achieve dense additive manufactured HSLA with improved mechanical properties.
Tempering of HIP HSLA steels with and without cyclic re-austenitization
Although cyclic re-austenitization was developed on martensitic steels made by conventional manufacturing methods [46] [47] [48] to refine the prior austenite grain size, it has been applied to an AM part successfully, in this work. However, it may be difficult to apply this method on titanium alloys, which may also exhibit martensitic transformation, such as Ti-6Al-4V 49 due to the limited accumulation of dislocations and fast recovery and annihilation of those dislocations 23 . Moreover, the size of the component could become a constraint for cyclic reaustenitization due to the challenge of getting uniform heat treatment. Therefore, it is possible that the cooling rate may not reach the threshold value for martensitic transformation throughout the component if the volume is too large.
Conclusions
 In the present work, an effective post-heat treatment process was designed for additively manufactured HSLA steel. Copper-bearing HSLA steels were fabricated using the LPBF method successfully for the first time. Microstructure characterization of as-built HSLA steel revealed the presence of bainite, martensite, retained austenite and M/A islands.
 Since the default building parameters for 316L stainless steel were adopted for fabricating the HSLA steels, the as-built HSLA sample consisted of higher porosity which required HIP for densification. Through quenching dilatometry, drop cooling was found to be more suitable for HIP as it can maximize the martensite formation. The porosity reduced from 3% to 0.7% after HIP, along with considerable grain coarsening and a higher fraction of transformed bainite.
 Cyclic re-austenitization was performed after HIP to achieve grain refinement which necessitated the need for heat treatment after HIP to achieve better properties. Further strengthening was introduced by tempering the HIP HSLA steel before and after reaustenitization. A two-fold increase in the yield strength of the tempered HIP HSLA steel with cyclic re-austenitization was achieved in comparison with the as-built HSLA steel.
With the application of the designed heat treatment process, the mechanical properties of the additively manufactured HSLA-100 steel were on par with the design target.
 Although printing parameters on the HSLA-100 steel still need to be optimized for the best performance of the AM components by LPBF, this work demonstrates the necessities of post-heat treatment design based on microstructure engineering for the AM techniques. 
